Hydrocephalus is a common complication following subarachnoid haemorrhage (SAH) arising from spontaneous aneurysm rupture. The Hounsfield unit (HU) value from computed tomography scans may reflect bone mineral density, which correlates with body mass index, which in turn is related to post-SAH ventricle size changes. We herein investigated potential associations between frontal skull HU values and ventricle size changes after SAH. HU values from four different areas in the frontal bone were averaged to minimize measurement errors. The bicaudate index and Evans ratio were measured using both baseline and follow-up CT images. CT images with bicaudate index >0.2 and Evans ratio >0.3 simultaneously were defined as indicating ventriculomegaly. We included 232 consecutive patients with SAH due to primary spontaneous aneurysm rupture, who underwent clipping over almost a 9-year period at a single institution. The first tertile of frontal skull HU values in older patients (≥55 years) was an independent predictor of ventriculomegaly after SAH, as compared to the third tertile in younger patients (hazard ratio, 4.01; 95% confidence interval 1.21-13.30; p = 0.023). The lower frontal skull HU value independently predicted ventricular enlargement post-SAH, due to the potential weak integrity of subarachnoid trabecular structures in younger patients.
Association between skull HU and age. There was an overall significant negative association between the frontal skull HU value and age (Fig. 1A) . Figure 1A shows that the HU value decreased by approximately 7 HU per 1-year increase in age (β = −6.88; p < 0.001). According to the receiver operating characteristic (ROC) curve, the optimal cut-off value for age was 54.5 years for the prediction of lower median skull HU values (<773.0) (Fig. 1B) . When we divided patients into two age groups (<55, and ≥55 years) according to the ROC curve, the association between the skull HU value and age was only significant in the older age group (β = −9.45; p < 0.001). The associations between each of the four HU values of the frontal bone and age are shown in Supplementary  Fig. S1 .
Trend in ventricle size change after SAH. Although it was not possible to present the precise natural course of ventricle size changes after SAH due to the irregular time intervals between the occurrence of SAH and the follow-up CT (22% of the patients also received a ventriculo-peritoneal [V-P] shunt), we sought to evaluate the overall changes in ventricle size after SAH. We observed an overall rapid ventricular enlargement until around 2 months after SAH ( Fig. 2A and C ). The overall ventricle size then decreased gradually, until at 4-5 months after SAH, it was below the ventriculomegaly threshold based on the BCI and the Evans ratio. When we divided the patients into two age groups, we found a relatively abrupt decrease in ventricle size by 2 or 3 months after SAH in the younger patient group. However, ventricular dilatation continued until around 8-9 months after SAH in the older patient group (Fig. 2B and D) .
Association of the skull HU value and ventriculomegaly after SAH. We present the direct relationship between skull bone density and follow-up ventricle size after SAH, based on age, in Supplementary Fig. S2A -C. Figure 3A shows the overall development of ventriculomegaly within 1 year after SAH. We observed that the patients falling in the first (≤684.0) and second tertile (684.1-868.8) of the frontal skull HU values showed significantly greater ventriculomegaly development than those in the third tertile (>868.8) (Fig. 3B ). In the younger patient group (<55 years), the first (≤737.3) and second tertile (737.4-966.3) of frontal skull HU value groups also showed a tendency for increased ventriculomegaly development, although this did not quite reach statistical significance (p = 0.053) (Fig. 3C) . However, there was no significant association between ventriculomegaly and skull HU value in the older age group (p = 0.331) (Fig. 3D) .
In the multivariate Cox regression analysis of all patient data, individuals within the second tertile of skull HU values showed a 2.4-fold higher risk of ventriculomegaly than those in the third tertile group (HR, 2.40; 95% CI 1.22-4.75; p = 0.011) (Supplementary Fig. S3 ). The first tertile group of skull HU values demonstrated ca. 1.9-fold increased risk of ventriculomegaly, although this increase did not reach statistical significance (p = 0.085).
However, the association between age and skull HU values may have affected these results. When we performed the analysis again according to age group classifications, the first tertile skull HU values independently predicted ventricular enlargement after SAH, as compared to the third tertile, in the younger individuals (HR, 4.01; 95% CI 1.21-13.30; p = 0.023) (Fig. 4A ). There was no significant association between skull HU values and ventriculomegaly in the older age group (Fig. 4B) (Fig. 4A) . Age was associated with ventriculomegaly in the older age group. There was about a 1.06-fold increase in ventriculomegaly per 1-year increase in age (HR, 1.06; 95% CI 1.01-1.11; p = 0.016). In addition, ventriculomegaly on admission was associated with continuous ventricular dilatation at follow-up in the older age group (Fig. 4B ).
Discussion
Our study showed the association between ventriculomegaly with/without hydrocephalus-related symptoms after SAH and the HU values of the cancellous bone in the frontal skull in individuals under 55 years old. The group comprising the first tertile of skull HU values showed an approximate 4-fold increased risk of ventricular enlargement after SAH as compared to the third tertile group in those less than 55 years old, after adjusting for other predictive factors. The HU value is obtained from a linear transformation of the measured attenuation coefficients, according to the following equation: Hounsfield units, HU = [1000 × (µ voxel − µ water )]/µ water (µ voxel is the calculated voxel attenuation coefficient and µ water is the attenuation coefficient of water). Any anatomic region on a CT image has an accurate and absolute HU value, which demonstrates validity and reproducibility in all appropriately calibrated CT scanners 7, 8 . Previous studies have reported that the HU value of the trabecular (cancellous bone) area of the lumbar spine decreases with age and is positively correlated with BMD and the T-score 3, 4, 9 . A flat bone of the cranium has inner and outer layers made of cortical bone; in between these layers is a region called the diploe, which . Therefore, we hypothesized that the HU value of the trabecular area of the skull would also be associated with age and systemic BMD.
The space between the arachnoid and the pia mater is filled with CSF and contains abundant strands of collagen tissue that connects the arachnoid to the pia mater; these are known as trabeculae. Arachnoid granulations allow CSF clearance from the subarachnoid space to the venous sinus 11 . A previous human ex vivo study also confirmed that CSF outflow occurs across human arachnoid granulations 12 . The core of an arachnoid granulation is composed of arachnoid trabeculae 13 , which are composed of type 1 collagen. Other type 1 collagen tissues are skin, tendon, vascular ligatures, organs, and bone.
Osteoporosis is a systemic disease that affects the systemic bone mass and microarchitecture throughout the body 14 . Moreover, osteoporosis is strongly associated with COL1A1 and COL1A2, genes that encode type 1 collagen components 15 . Osteogenesis imperfecta, known as a collagen type 1 disease, is associated with communicating hydrocephalus, intracranial aneurysm, and arterial dissection [16] [17] [18] . Therefore, we hypothesized that lower BMD, which is indicated by the HU value of the cancellous bone of the frontal skull, and which probably has a strong genetic underpinning, may negatively influence the integrity of arachnoid trabeculae, which are composed of type 1 collagen. When SAH occurs, the acute haemorrhage in the subarachnoid space damages the arachnoid granulations and trabeculae. After the haematoma resolves, the integrity of the arachnoid granulations and trabeculae may be relatively less damaged in individuals with dense and strong type 1 collagen tissue, and this may be predicted by systemic BMD, which is also related to type 1 collagen. If the arachnoid granulations have fairly good integrity, efficient CSF outflow to the venous sinus can be maintained, reducing the likelihood that communicating hydrocephalus will develop, as compared to a situation in which the integrity of the arachnoid granulations is more severely affected by haemorrhagic damage. According to our recent study, a lower BMI was associated with a progressive increase in the ventricle volume during the early periods after SAH 2 . BMI and BMD are positively correlated 19, 20 . In addition, previous studies have described that BMI is associated with cerebral haemorrhages that are induced by rupture of vascular smooth muscle cells that are composed of collagen type 1 [21] [22] [23] . We investigated trends in ventricle size changes after SAH with/without hydrocephalus-related symptoms, but progression of brain atrophy induced by SAH may have affected ventricular dilation. Ventricular enlargement can be present in both hydrocephalus and subcortical brain atrophy cases 24 . Previous studies have reported that global cerebral atrophy can be induced by SAH and that older age was significantly associated with brain atrophy 25, 26 . Global cerebral atrophy is often classified into subcortical atrophy, reflecting ventricular dilation, and cortical atrophy, reflecting the dilation of cortical sulci 27 . Measuring cortical atrophy after SAH is difficult, because SAH is frequently accompanied by cerebral oedema and haematoma, which distributes throughout the Sylvian fissure and cortical sulci during the early stages. However, according to the above reports, in our study, the ventricle size after SAH may reflect subcortical atrophy, particularly in older patients. Since SAH induces global cerebral atrophy, subcortical atrophy after SAH may reflect global cerebral atrophy in these patients. Therefore, in this study, ventricular enlargement after SAH in younger patients may be more related to hydrocephalus and ventriculomegaly, while that in older patients may be more associated with cerebral atrophy. Our study also demonstrated that age was an independent predictor of ventricle dilatation after SAH in the older age group. Further studies are required to investigate the association between bone density and brain atrophy after SAH.
Our study also showed that a higher initial Hunt-Hess grade was strongly associated with ventriculomegaly in younger patients. Age and ventriculomegaly on admission were associated with ventricle dilatation after SAH in older patients. A recent meta-analysis also reported that old age, high Hunt-Hess grades, low GCS scores, and acute hydrocephalus at admission were predictors of shunt-dependent hydrocephalus after SAH 28 . The non-significant association between ventriculomegaly and higher Hunt-Hess grades in older patients may be explained by a higher probability of early death, particularly in the elderly. The integrity of arachnoid granulations may be weaker in older than in younger patients. Therefore, arachnoid granulations and trabeculae may be more damaged after SAH in old age, which may increase the likelihood of ventriculomegaly development. Restoration of enlarged ventricles after haematoma resolution may also be prolonged, or the enlargement may progress in elderly patients.
This study had some limitations. First, due to the retrospective nature of this study, the time between SAH and follow-up CT images was not regular. However, even in a prospective scheduled study of ventricular dilation after SAH, it would be difficult to maintain a regular time interval between SAH occurrence and follow-up imaging, because of unexpected variables during the follow-up period, including sudden neurological deterioration, emergency external ventricular CSF drainage or shunt surgery, and vasospasm. Second, measurement errors may have occurred, especially in patients with a narrow intercortical space in the frontal bone. However, all brain CT images were magnified when measuring HU values, and all patients had spongy bone spaces between the cortical bones on these images. To reduce measurement errors, we investigated HU values in four areas of the frontal skull and averaged those HU values. In addition, the BCI and Evans ratios are extensively used and are familiar to neurosurgeons. Due to the relatively small sample size in the study, we did not encounter hyperostosis frontalis interna patients with SAH; measurement of the HU values in the frontal skull in these patients may be challenging. Third, we included only Korean patients, and this may limit the generalizability of the results. However, data consistency and accuracy due to similarity in the treatment and environmental conditions may be strengths of a single centre study, because surgical techniques and SAH management protocols may vary between hospitals, with confounding effects.
In conclusion, we sought to evaluate the relationship between HU values of the skull and ventriculomegaly in patients who had undergone clipping for SAH due to aneurysmal rupture, at a single institution, during an almost 9-year period. We found that the first tertile of skull HU values was associated with an increased risk of ventricular dilation after SAH, as compared to that in younger patients. These findings may facilitate prediction of ventriculomegaly development after SAH in younger patients, based on a convenient method of measuring HU of the frontal skull on CT at admission. Nevertheless, further large-scale studies are required to confirm these results.
Methods
Patient selection. Data of spontaneous aneurysmal SAH patients who underwent clipping (>18 years old) from 2002 to the present were extracted from the SAH registry of our hospital, which was designed for research purposes. The data quality, consistency, and accuracy of our registry are reliable because experienced staff manages all operative data directly and consistently; the data include intraoperative microscopic videos and photographs obtained within a single hospital. Due to the preference for use of clipping in SAH patients in our hospital, we excluded the few coiling cases to reduce treatment heterogeneity.
Two-hundred and fifty-three spontaneous aneurysmal SAH patients attending our institution from January 1, 2008 to June 31, 2016, were initially identified. There were no patients with a previous history of spontaneous SAH. We excluded 21 patients from this study for the following reasons: (1) absence of follow-up CT, and (2) postoperative haemorrhagic complications. Finally, the remaining 232 consecutive cases who underwent aneurysmal clipping for primary spontaneous SAH were included in this study. In all cases, surgical clipping was performed within 24 hours after confirmation of spontaneous aneurysmal SAH via CT angiography in the emergency room.
This study was approved by the Institutional Review Board of our hospital and conformed to the tenets of the Declaration of Helsinki. Given the retrospective nature of the study, the need to obtain informed patient consent was waived. Surgical treatment and management for SAH. Two faculty neurosurgeons performed all aneurysmal clippings. Operation techniques and management of SAH patients were identical for both neurosurgeons: a junior neurosurgeon was trained and supervised by a senior neurosurgeon in surgical techniques and SAH management. We treated patients with the standard SAH protocol, including triple-H therapy (hypertension, Definition of the baseline and follow-up imaging. All CT images (slice thicknesses, 4.0-5.0 mm) were obtained with a CT scanner (Siemens Flash 128, München, Germany) in our hospital. The baseline CT images were obtained in the emergency room at the time of SAH diagnosis. We included one follow-up CT image per individual; we chose the one closest to 1-year post-clipping for aneurysmal SAH. For patients that underwent external ventricular CSF drainage or the V-P shunt procedure, we included the follow-up CT images, which were taken immediately prior to surgery. The duration (days) between SAH occurrence and the follow-up CT image was investigated in all patients.
Measurement of the skull HU value, BCI, and Evans ratio. All radiological evaluations were conducted by two faculty neurosurgeons blinded to the clinical data of all patients. The frontal skull HU value was measured using the baseline CT image. We measured the average HU value in the cancellous bone of the frontal skull with line drawings, using the "Linear histogram graph" function of the picture archiving and communication system (PACS) in our hospital (Fig. 5) . The PACS automatically calculates and provides the maximum, minimum, and average HU values according to the line drawn. We used an axial CT slice for the measurement of the HU values in the frontal skull, immediately where the lateral ventricles disappear, or one or two slices above or below this slice. To reduce variations of HU values according to regional skull HU value heterogeneity, we attempted to set a relatively constant location for the HU value measurement. We opted for the CT slice level around where the lateral ventricles disappear, as this slice was easy to find and showed relatively thick cancellous bone in the frontal skull. All brain CT images, with a bone setting, were magnified for measurement of the HU values in the cancellous bone of the frontal skull to avoid including cortical bone, particularly in patients with a narrow intercortical space in the frontal skull. The HU values were obtained at four areas in the frontal bone to minimize measurement errors. We drew four lines along the cancellous bone of the frontal skull between the left and right coronal sutures ( Fig. 5A and B) . The average HU value of each of the four lines on the frontal bone was recorded in all patients (Supplementary Fig. S4 ).
The BCI and Evans ratio were measured using both baseline and follow-up CT images. The BCI was measured by dividing the width of the frontal horns, at the level of the caudate nuclei, by the corresponding diameter of the brain at the level of the foramen Monro. If the foramen Monro were between two CT sections, the mean value for the BCI was recorded (Fig. 5C ) 30 . The Evans ratio was defined as a linear ratio between the maximal width of the frontal horns in relation to the inner diameter of the cranium (Fig. 5D) 
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Clinical and radiographic variables. In addition to the information in the SAH registry, electronic medical records of all patients were reviewed. Body weight and height were recorded on admission to determine the anaesthetic dose and body mass index (BMI) was calculated as weight/(height × height) and expressed in kg/ m 2 . Hunt and Hess and modified Fisher grades were included to determine the severity of SAH. We defined pan-ventricular haemorrhage as the presence of haematoma in both the lateral, and third and fourth ventricles, simultaneously. The operation type, V-P shunt, and fenestration of the lamina terminalis were identified through the records of our registry and operative records. Vasospasm was defined as having neurological symptoms with angiographic spasms on follow-up digital subtraction angiography, CT angiography, or perfusion CT.
Statistical methods. Continuous variables were expressed as the mean ± standard deviation or median (interquartile ranges), while discrete variables were expressed as a count with percentage. The chi-square test and Student's t-test were used to assess clinical differences between two groups categorized by age.
A scatterplot with a regression line or a line determined by a locally weighted scatter plot smoothing (LOWESS) was used to represent the association between several variables graphically. We used the frontal skull HU as the average value between four HU values of the frontal bone in the analysis. To determine the optimal cut-off value of age that may be associated with frontal skull HU, we used a receiver operating characteristic curve with the frontal skull HU divided by the median as the dependent variable.
CT images that met BCI > 0.2 and Evans > 0.3 simultaneously were defined as ventricular enlargement and were included in statistical analysis. The cumulative hazard for ventriculomegaly was examined using KaplanMeier analysis based on the skull HU value categories, with censoring of patients lacking ventricular enlargement on the follow-up CT images. Hazard ratios with 95% confidence intervals were then calculated using Cox regression analysis to identify independent factors predictive of the risk of ventricular enlargement after clipping for ruptured aneurysmal SAH. A p value < 0.05 was considered statistically significant.
All statistical analyses were performed using R version 3.3.3 (https://www.r-project.org/).
Data availability.
All data generated or analysed during this study are included in this published article (and its Supplementary Information files).
